Spermatogonial stem cells (SSCs) undergo self-renewal division, which can be recapitulated in vitro. Attempts to establish serum-free culture conditions for SSCs have met with limited success. Although we previously reported that SSCs can be cultured without serum on laminin-coated plates, the growth rate and SSC concentration were relatively low, which made it inefficient for culturing large numbers of SSCs. In this study, we report on a novel culture medium that showed improved SSC maintenance. We used Iscove modified Dulbecco medium, supplemented with lipid mixture, fetuin, and knockout serum replacement. In the presence of glial cell line-derived neurotrophic factor (GDNF) and fibroblast growth factor 2 (FGF2), SSCs cultured on laminin-coated plates could proliferate for more than 5 mo and maintained normal karyotype and androgenetic DNA methylation patterns in imprinted genes. Germ cell transplantation showed that SSCs in the serum-free medium proliferated more actively than those in the serumsupplemented medium and that the frequency of SSCs was comparable between the two culture media. Cultured cells underwent germline transmission. Development of a new serumand feeder-free culture method for SSCs will facilitate studies into the effects of microenvironments on self-renewal and will stimulate further improvements to derive SSC cultures from different animal species.
INTRODUCTION
A large quantity of sperm is produced by continuous divisions of spermatogonial stem cells (SSCs), which can be studied using in vitro cultures [1, 2] , and by testis cell transplantation assays [3, 4] . SSCs comprise a small population in the testis, but they are the only stem cells in the germline that have the ability to undergo self-renewal divisions to sustain spermatogenesis throughout the life span of male animals [5, 6] . These cells reside on the basement membrane of the seminiferous tubules and remain undifferentiated to produce a vast number of committed progenitors. SSCs are thought to reside in a special microenvironment called a niche, which provides self-renewal factors to sustain the continuous divisions of the SSCs [5] [6] [7] . Despite their apparent importance in male reproduction, little is known about SSCs and the factors that regulate their fate. SSCs are morphologically indistinguishable from committed spermatogonia and can be identified only by their ability to undergo self-renewal divisions. In addition, their small population size (0.02%-0.03% of the total male germ cells) makes it difficult to obtain a sufficient number of cells for molecular and biochemical analyses [1, 5, 8] .
Because of their vast proliferative potential, attempts have been made to establish culture systems for SSCs. It was not clear in the initial studies whether it would be possible to increase the population size of SSCs. However, serial transplantation experiments showed that the number of SSCs increases in vivo [9, 10] . Transplantation of total recipient testis cells or individual colonies both demonstrated that the number of SSCs increased during colony formation in the recipient testes. Likewise, enumeration of SSC numbers during regeneration from busulfan treatment showed that the number of SSCs gradually recovers in testes of treated animals [10] . Moreover, glial cell line-derived neurotrophic factor (GDNF) was discovered to be a critical regulator in SSC self-renewal [11] . Analysis of GDNF heterozygous knockout mice revealed that spermatogenesis underwent depletion of spermatogonia, while overexpression of GDNF produced clumps of undifferentiated spermatogonia that could not differentiate. Based on these findings, a long-term culture system for SSC expansion was developed [2] . Gonocytes derived from neonatal testis proliferate to form grapelike clusters in the presence of several cytokines, including GDNF. Subsequent studies revealed that gonocytes converted into spermatogonia in vitro and proliferated for at least for more than 2 yr without losing the ability to produce fertile sperm [12, 13] . These cells, designated as germline stem (GS) cells, could be genetically manipulated for knockout mouse production and provided a unique resource to study SSC self-renewal in vitro [2, 14] .
Although the initial study was based on serum-containing medium and mouse embryonic fibroblast feeder (MEF) cells, GS cells were found to have the ability to proliferate without the feeder cells [15] . By taking advantage of their strong affinity to bind to laminin (LN), GS cells were maintained in vitro for at least 5 mo on LN-coated dishes and produced donor-derived offspring. GS cells could also be maintained on MEFs in serum-free medium [15] . Although a similar serumfree culture was reported using feeder cells [16] , completely excluding the potential contamination of residual serum components was not possible because serum was added to stop the trypsin reaction [17] . We also failed to maintain GS cells on LN-coated plates using the same serum-free culture medium. Finally, a serum-and feeder-free culture system for GS cells was developed in 2010 [18] . In these cultures, serum was replaced with lipid-rich albumin (Albumax) and fetuin. The former is thought to improve the culture medium by supplementing lipid components in the serum, while the latter is used to enhance attachment to the LN-coated plates. GS cells could be maintained for at least 5 mo under these culture conditions and produced a normal offspring.
While this culture system provided the first serum-and feeder-free culture medium for SSCs, several problems emerged. First, the proliferation of SSCs was slow; the doubling time of GS cells was ;4.1 days, which was significantly longer than that of GS cells on MEFs (;2.5 days). Second, the frequency of SSCs was relatively low and variable (37.5-102.1 per 10 5 transplanted cells), which suggested that the SSCs in the serum-free medium underwent divisions for differentiation more frequently than for selfrenewal. Third, embryos constructed by using spermatozoa in the recipient mice developed poorly in vitro, and only one offspring was obtained by microinsemination. These results suggested that spermatozoa generated from SSCs under the serum-and feeder-free conditions were of relatively poor quality. Thus, a need existed to develop an improved culture medium for GS cells.
In this study, we report on the development of an improved serum-and feeder-free culture medium. Knockout serum replacement (KSR) was originally developed for ES cells on feeder cells by Life Technologies Corporation [19] . However, KSR has been successfully used in several serum-free culture media, including testis organ cultures or serum-and feeder-free cultures of ES cells [20, 21] . Because Albumax is a component of KSR, we assumed that KSR might also have other beneficial components that would improve GS cell cultures. Furthermore, although a proprietary medium (Stempro-34) was used previously, components of the Stempro-34 medium were apparently not optimized to maintain SSC self-renewal. We found that SSCs could be maintained for at least 5 mo in a serum-free medium based on Iscove modified Eagle medium (IMDM), which contained fetuin and KSR. Importantly, the proliferation speed improved in this medium, and significantly more SSCs could be obtained than in conventional Stempro-34 medium or previous serum-free culture medium. Development of a new SSC culture technique will be useful for analyses of SSCs under defined conditions.
MATERIALS AND METHODS

Cell Culture
We used GS cells in a DBA/2 background that express enhanced green fluorescent protein (EGFP) as previously described [22] . For the primary culture of spermatogonia, we used 5-day-old ICR mouse pups (Japan SLC). Testis cells were dissociated via a two-step enzymatic digestion procedure [23] , plated on 0.1% gelatin-coated plates, and incubated overnight. Germ cells were enriched by gelatin selection by collecting nonattached cells by gentle pipetting. Cells were then transferred to LN-coated plates (8 lg/3.8 cm 2 ; BD Biosciences; 354259). Where indicated, cells were cultured on MEFs prepared from ICR embryos using a standard procedure (3 3 10 4 cells/3.8 cm 2 ). GS cell culture media were based on Stempro-34 (Invitrogen; 10640-019) or IMDM (Sigma; I3390). Preparation of Stempro-34-based serum-free medium (Stempro/SFM) or 1% fetal bovine serum (FBS)-supplemented Stempro-34 medium (Stempro/FBS) was previously described [2, 18] . The medium composition used in this study is summarized in Supplemental Table  S1 (Supplemental Data are available online at www.biolreprod.org). Cells were passaged by incubation in 0.25% trypsin/1 mM EDTA solution for 3 min. Where indicated, we also used cell dissociation buffer (CDB; Invitrogen; 13151-014). Cultures were maintained on LN-coated plates (BD Biosciences). The PD0325901 was purchased from Selleck Chemicals (0.5 lM; S1036).
For the LN adhesion assay, 1.0 3 10 5 cells/well were plated in 12-well plates coated with LN (20 lg/ml) and incubated for 2 h at 378C. Adherent cells were collected by trypsin digestion after washing the plates three times with PBS. Alpha modified Eagle minimum essential medium (aMEM; Invitrogen; 12561-056), Roswell Park Memorial Institute (RPMI) medium (Invitrogen; 11875-093), Glasgow minimum essential medium (GMEM; Invitrogen; 11710-035), and Dulbecco modified Eagle medium/Nutrient Mixture F-12 (DMEM/ F12; Invitrogen; 11330-032) were also used for preliminary screening of basal culture medium.
Flow Cytometry
Cultured cells were dissociated by CDB for sample preparation. Cells were stained in PBS/1% FBS. Cells were analyzed using a FACSCalibur (BD Biosciences). All antibodies used are listed in Supplemental Table S2 .
PCR
Total RNA was isolated using TRIzol (Invitrogen; 15596018), and firststrand cDNA was synthesized using a Verso cDNA Synthesis Kit (Thermo Fisher Scientific; AB-1453/B) for the reverse transcription (RT)-PCR. For realtime PCR, StepOnePlus Real-Time PCR system and Power SYBR Green PCR Master Mix were used following the manufacturer's protocol (Applied Biosystems; 4367659). Transcript levels were normalized relative to those of Hprt. PCR conditions were 958C for 10 min, followed by 40 cycles at 958C for 15 sec and 608C for 1 min. Each reaction was performed at least in triplicate. The genotype of offspring produced by microinsemination was determined using tail DNA. PCR primer sequences are listed in Supplemental Table S3 .
Transplantation
Donor cells were transplanted into WBB6F1-W/W v (W) mice (Japan SLC). Approximately 4 ll were introduced into the seminiferous tubules of 4-to 6-wk-old adult testes through the efferent duct, which filled ;70%-80% of the seminiferous tubules [3] . Recipient animals were treated with an anti-CD4 antibody as described previously to avoid rejection of allogeneic donor cells [24] . We followed the Fundamental Guidelines for Proper Conduct of Animal Experiment and Related Activities in Academic Research Institutions under the jurisdiction of the Ministry of Education, Culture, Sports, Science, and Technology, and all animal experimental protocols were approved by the Institutional Animal Care and Use Committee of Kyoto University.
Combined Bisulfite Restriction Analysis
Genomic DNA was treated with sodium bisulfite, which was used as a template to amplify the indicated differentially methylated regions (DMRs) by PCR with the specific primers listed in Supplemental Table S3 . PCR products were digested with the indicated restriction enzymes, which had recognition sequences containing CpG in the original unconverted DNA. The intensity of the digested bands was assessed using Image Gauge software (Fuji Photo Film).
Staining
Cultured cells were dissociated by trypsin and concentrated on glass slides by centrifugation with Cytospin 4 (Thermo Electron Corporation). Cells were fixed in 4% paraformaldehyde and stained with rhodamine-labeled phalloidin (5 units/ml; Invitrogen; R415) for 20 min. Images were acquired on a confocal laser scanning microscope (FV1000-D; Olympus).
Western Blotting
We used SDS-PAGE to separate cell lysates, which were then transferred to Hybond-P membranes (Amersham Biosciences) using the standard procedure. Immunoreactive bands were detected with the Lumi GLO reagent (Cell Signaling Technology, Inc.; 7003). The antibodies used are listed in Supplemental Table S2 .
Karyotype Analysis
Cultured cells were harvested with trypsin digestion, treated with 75 mM KCl for 15 min, and fixed with methanol/acetic acid (3:1). Metaphase spreads were prepared using standard procedures, and the slides were stained with Hoechst 33258 (Sigma; B-2261).
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Recipient Testes Analyses
Donor cell colonization levels were evaluated 2 mo after transplantation by observation under ultraviolet (UV) light. Germ cell clusters that were longer than 0.1 mm and occupied the entire circumference of the seminiferous tubules were defined as colonies. For histological analyses, samples were fixed in 4% neutral-buffered formalin, paraffin embedded, and processed for sectioning. All sections were stained with hematoxylin and eosin.
Microinsemination
Seminiferous tubules of recipient mice were dissociated by repeated pipetting. Spermatozoa, as identified by their unique morphology, were collected and microinjected into oocytes of C57BL/6 3 DBA/2 F1 (BDF1) mice using a Piezo-driven micropipetter (PrimeTech) as descried previously [25] . Embryos were cultured for 24 h and transferred into the uteri of ICR pseudopregnant mothers. Offspring were recovered by Cesarean section.
Statistical Analyses
The results are presented as means 6 SEM. Data were analyzed by Student t-tests.
RESULTS
Development of a Serum-and Feeder-Free Culture for SSCs
We initially searched for a basal medium that could maintain GS cells on MEFs (Fig. 1A) . GS cells cultured in Stempro/FBS were passaged in different culture media, including aMEM, RPMI medium, GMEM, and DMEM/F12. However, none of the tested media supported proliferation, and cells stopped proliferating after two to three passages. KSR was added because of its beneficial effect on different kinds of stem cells [20, 21] . Different concentrations of KSR were tested, and the addition of KSR to basal IMDM supplemented with 1% FBS (IMDM/FBS) could replace Stempro/FBS to promote proliferation in vitro (Fig. 1A) . GS cells proliferated by forming typical grapelike colonies (Fig. 1B) and could be passaged at a ratio of 3:1 to 5:1 every 5-6 days in a manner similar to those cultured in a Stempro/FBS medium [13] .
To develop a serum-free culture using IMDM, we next examined whether KSR could improve the serum-and feederfree proliferation of GS cells by modifying IMDM/FBS. In these experiments, FBS was replaced with fetuin and a lipid mixture because a combination of fetuin, lipid mixture, and Albumax could maintain GS cells under serum-and feeder-free conditions using Stempro-34 [18] . This combination of supplements successfully maintained GS cells on an LNcoated dish in IMDM supplemented with KSR (IMDM/SFM; Fig. 1C ). The addition of KSR was necessary because the cells cultured without KSR proliferated for several days but eventually detached and stopped proliferating. The morphology of the colony in IMDM/SFM was somewhat different from that in the Stempro/FBS medium (Fig. 1D) . While GS cells cultured in Stempro/FBS produced mostly flat colonies on an LN-coated plate, clump colonies predominated in IMDM/SFM. GS cells cultured in IMDM/SFM could proliferate more actively than those cultured in Stempro/FBS (Fig. 1E) . GS cells in IMDM/SFM were passaged about every 4-6 days by trypsinization.
The changes in colony morphology suggested that the structure of the cytoskeleton of the GS cells might have changed by culturing in IMDM/SFM. When the cells were dissociated and centrifuged on glass slides, phalloidin staining revealed a distinct actin pattern formation in the GS cells under these conditions (Fig. 1F) . In Stempro/FBS, strong actin staining was evenly distributed along the peripheral edge of the cells. In contrast, focal peripheral staining was found in cells cultured in IMDM/SFM.
We attempted to establish GS cells with IMDM/SFM using fresh testis cells (Fig. 1, G and H) . Testes of 5-day-old pups were dissociated into single cells and cultured on gelatincoated plates. On the day following the initial plating, the cultures were gently pipetted to enrich germ cell populations. Compared with Stempro/FBS, we noted that the somatic cells in the serum-free culture medium were readily detached after gelatin selection. Because contamination of somatic cells generally inhibits growth of GS cells, germ cells had to be transferred to LN-coated plates with further gentle pipetting. Clump-type colonies could be generated after two to three rounds of passages on LN-coated plates. Due to slow growth in the initial phase of culture, the cells were passaged between 10 and 14 days in the initial phase. However, clump colonies proliferated actively after five to six rounds of passages. The cells reinitiated proliferation after cryopreservation using 10% dimethyl sulfoxide in the serum-free culture medium.
Phenotype of the Cultured Cells
To examine the phenotype of the cultured cells, we first carried out flow cytometry ( Fig. 2A ) and compared the phenotypes of cells cultured in Stempro/FBS and IMDM/ SFM. All cell types were cultured on LN-coated plates and dissociated by CDB to protect the cell surface properties. Consistent with the morphological changes in vitro, flowcytometric analysis of spermatogonia markers showed changes in the cell adhesion molecules. A statistically significant increase in ITGB1 and CD9 was observed in GS cells cultured in IMDM/SFM. We also noted increased expression of GFRA1 and KIT, suggesting that IMDM/SFM increased the sensitivity of GS cells to GDNF, a critical self-renewal factor for SSCs [11] . We did not find distinct changes in other known spermatogonia markers, including EPCAM, ITGA6, and CXCR4. Real-time PCR was then carried out using the mRNA. Analysis of several spermatogonia markers, including Pou5f1, Zbtb16, Neurog3, Etv5, and Bcl6b, showed no significant changes in the GS cells in IMDM/SFM compared with those in Stempro/FBS (Fig. 2B) . However, Nanos3 showed increased expression in IMDM/SFM, while Nanos2 was downregulated. Because of the apparent increase in the speed of proliferation, we reasoned that the GS cells cultured in IMDM/SFM contained changes in their cell proliferation regulators. We found a significant increase in the expression of Ccnd2, while Ccnd1 and Cdkn1a were suppressed in GS cells cultured under IMDM/SFM (Fig. 2C) .
We compared the genetic and epigenetic properties of the GS cells. Karyotype analysis showed that the cells maintained a euploid karyotype regardless of the culture conditions after 4 mo of culturing (Fig. 3, A and B) . Hoechst 33342 staining of GS cells under two different conditions showed a normal karyotype for both conditions (40, XY) in 65% of metaphase spreads. Moreover, we also analyzed the DNA methylation status of imprinted genes using combined bisulfite restriction analysis (COBRA; Fig. 3C ). Regardless of the culture conditions, DMRs of paternally methylated H19 and Meg3 IG were digested completely by methylation-sensitive restriction enzymes. In contrast, DMRs of maternally methylated Peg10 and Igf2r were resistant to digestion, suggesting that they were not methylated at all. These results showed that GS cells cultured under the serum-free culture conditions had similar genetic and epigenetic properties to those cultured in a serum-supplemented medium.
SERUM-FREE CULTURE OF SPERMATOGONIA
MAP2K1 Inhibition Allows Stable Propagation of GS Cells in IMDM/SFM
Although the GS cells cultured in IMDM/SFM proliferated more actively with those in Stempro/FBS, the timing of the passage was somewhat irregular, possibly due to variations in colony morphology. To improve this, we sought conditions that would allow a more stable propagation. The addition of a MAP2K1 inhibitor, PD0325901, induced a flat colony morphology in IMDM/SFM (Fig. 4A) . This change occurred despite the fact that the actin staining pattern was not influenced by PD0325901 (Fig. 4B) .
Because these differences in colony morphology and actin distribution patterns suggested changes in the cell adhesion properties, a LN-binding assay was carried out (Fig. 4C) . While 40.5 6 1.8% of the cells adhered to LN within 2 h in Stempro/FBS, 8.9 6 1.7% of those in IMDM/SFM could attach to LN (n ¼ 6), which showed that GS cells changed their LN-binding affinity depending on the culture medium. Notably, PD0325901 increased the LN-binding ability, and KANATSU-SHINOHARA ET AL. 41.7 6 4.2% of the cells adhered to LN by 2 h in IMDM/SFM (n ¼ 6; Fig. 4C ). With the supplementation of PD0325901, cells were regularly passaged between 3 and 4 days after trypsinization. Western blot analysis confirmed reduced phosphorylation of MAPK1/3 by PD0325901 (Fig. 4D) . These results suggested that excessive MAPK activation was involved in changes in clump colony formation in IMDM/ SFM.
Examination of SSC Activity by Spermatogonial Transplantation
To assess the SSC activity of cultured cells, germ cell transplantation experiments were carried out [3] . GS cells were cultured for 155 days using IMDM/SFM and Stempro/FBS. GS cells were also cultured with PD0325901 in IMDM/SFM to examine its impact on long-term proliferation and SSC activity.
For transplantation, the cells were collected at different time points to quantify the increase in SSC number. Overall, cultured cells proliferated by 1.8 3 10
14 -fold during 155 days in IMDM/SFM, while those cultured in Stempro/FBS grew by 6.5 3 10 7 -fold during the same experimental period ( Table 1 ). The doubling times of cultured cells during the logarithmic growth phase were 4.1 days and 3.0 days for Stempro/FBS and IMDM/SFM, respectively. This was in contrast to those cultured in Stempro/SFM, with a doubling time of 4.1 days [18] . Despite the increased binding to LN by PD0325901, the addition of PD0325901 did not improve the IMDM/SFM culture, and cells expanded by 6.1 3 10
12
-fold during the same period.
Analysis of the recipient mice showed that the average number of colonies was 97. 5, A and B) . The doubling times of SSCs were 4.6 days and 2.9 SERUM-FREE CULTURE OF SPERMATOGONIA days for Stempro/FBS and IMDM/SFM, respectively. Histological analyses of the recipient testes showed that normal spermatogenesis and mature spermatozoa were observed from the GS cells cultured in IMDM/SFM (Fig. 5C ). Assuming that 10% of transplanted stem cells could colonize the seminiferous tubules [26] , the concentration of SSCs in the IMDM/SFM culture was calculated as 0.97%. PD0325901 did not significantly influence the SSC activity of the GS cells in IMDM/SFM, and 113.3 6 24.6 colonies were produced per 10 5 cells (n ¼ 15-17). These results suggested that inhibition of MAP2K1 was not useful for increasing the SSC concentration.
Production of Offspring by Microinsemination Using Spermatozoa Generated in Recipient Testes
To determine whether the germ cells retained normal fertility, GS cells were cultured in IMDM/SFM with PD0325901 for 99 days. The cultured cells were transplanted into W mice, and the recipient mice were killed 105 days after transplantation. Recipient testes were carefully dissected by fine forceps under UV light, and spermatogenic cells were collected by repeated pipetting of the seminiferous tubules. Elongated spermatids and spermatozoa were microinjected into oocytes of BDF1 mice using a Piezo micromanipulator. In total, 65 embryos were generated, and 51 embryos developed to the two-cell stage after 24 h. These embryos were transferred into uteri of four pseudopregnant mothers. Thirty-four embryos were implanted, and 20 offspring were born (Fig. 6A) ; 15 offspring grew up to become adults. PCR analysis of their tail DNA showed that 11 of the 15 offspring contained the Egfp gene, indicating their donor cell origin (Fig. 6B) . These results suggested that the GS cells cultured under the serum-and feeder-free conditions can produce spermatogenesis and sperm that can fertilize oocytes.
DISCUSSION
SSCs are a valuable cell type in the body and represent an attractive target for germline modifications. However, their number in the testis is limited, and the establishment of a method to increase SSCs in vitro is a prerequisite for their efficient genetic manipulation. GS cell culture has been successfully used to produce knockout animals by gene targeting [14] . A similar approach was also successfully applied to rats by random mutagenesis [27] . However, room for improvement exists in the cell culture techniques. For example, several studies suggested that SSC activity is decreased during culture, often after genetic selection [27] [28] [29] . Moreover, offspring have been derived only from mouse and rat cultures [2, 30, 31] . Nevertheless, because SSC activity can be stably maintained in vivo for the long term by serial transplantation [9, 32] , it is likely that the current culture SERUM-FREE CULTURE OF SPERMATOGONIA conditions are not optimal and lack additional self-renewal factors. We developed a serum-free culture system to resolve these problems because the serum often compromises efficient self-renewal of different stem cell types [33, 34] . Our study reports a new method to improve SSC self-renewal in serumfree cultures.
To improve the serum-free culture, KSR was used. It has been used in cultures for different stem cell types and contains amino acids, vitamins, antioxidants, trace elements, transferrin, insulin, and Albumax. Meanwhile, Stempro-34 medium was developed for hematopoietic stem cell cultures and patented by Invitrogen [35] . Although both culture media have common components, a successful serum-free culture in a previous study suggested that a lipid-related signal might play a critical role, as the supplementation of lipids and Albumax proved to be critical [18] . However, reduced SSC proliferation and concentrations suggested that the culture medium based on Stempro/SFM contained components that interfered with the self-renewal or lacked factors that promoted self-renewal. Therefore, we searched for a different basal medium and reevaluated its in vitro colony formation activity.
Several different basal media have been used for SSCs. It was originally reported that SSCs can be maintained by DMEM with 10% FBS [1] . However, more than 90% of SSCs disappeared in this medium within 1 wk. Although MEM was subsequently reported as being a better medium for SSC culture [36] , no increase in SSCs occurred using these media. Besides Stempro-34, different kinds of media with relatively simple composition were used. In one study, aMEM was used for mouse cultures [16] , whereas DMEM/F12 was reported to be an appropriate medium for rat cultures [37] . An increase in SSCs was observed in these media, but they were based on coculture with MEF-based stromal cells, and it has not been possible to use these media for feeder-free culture. In this study, IMDM was used because it was a basal culture medium for Stempro-34.
Because GS cells cultured with serum-supplemented IMDM (IMDM/FBS) proliferated normally on either MEFs or LN, we removed the serum and sought alternative supplements. A combination of KSR, fetuin, cholesterol, and lipid mixture enabled the long-term propagation of GS cells on LN-coated dishes. GS cells cultured in IMDM/SFM showed changes in the cell markers and adhesion properties. Although the karyotype and the methylation levels of the DMRs in the imprinted genes displayed no noticeable changes, GS cells showed increased expression of not only the adhesion molecules (ITGB1 and CD9) but also the cytokine receptors (KIT and GFRA1). In particular, the phalloidin staining patterns were strikingly different between Stempro/FBS and IMDM/SFM. Thus, the phenotype of the cultured cells is not exactly the same as that of SSCs in vivo. While it is possible that these differences represent changes in the proportions of stem cells and differentiating progenitor cells, transplantation experiments did not show significant changes in the SSC numbers. Therefore, we think that excessive stimulation of proliferation in vitro can induce changes in SSC phenotype [38] .
Despite changes in the cell phenotype, transplantation experiments confirmed normal SSC activity of GS cells cultured in IMDM/SFM. Although the concentration of SSCs in IMDM/SFM was comparable to that in Stempro/SFM (97.1 vs. 98.2 per 10 5 cells, respectively), cells in IMDM/SFM proliferated more actively than those in Stempro/FBS or Stempro/SFM (doubling time: 3.0 vs. 4.1 or 4.1 days, respectively), making it possible to obtain larger numbers of SSCs for various experimental purposes. The addition of KSR alone cannot explain the increased efficiency because the SSC concentration was significantly low in a recent study using KSR-supplemented (2-10%) medium and MEFs [39] . In that study, KSR was added to aMEM to improve the reproducibility of the culture reported in a previous study [16] . Although the cells could proliferate and produced grapelike colonies, the doubling time was ;5.5 days, and SSC frequency was about 30 per 10 5 cells. Culture was carried out on MEFs, and the effect of feeder-free conditions was not tested. Therefore, a combination of KSR, basal medium, and a lack of several components in the original Stempro-34 medium appear to have increased the SSC frequency in our culture. At present, we do not know the exact components responsible for the increased proliferation and the self-renewal division. We speculate that the enhanced proliferation may have resulted from increased responsiveness to cytokines or removal of factors because increased proliferation occurred despite decreased LN-binding ability. Given that trypsin digestion did not significantly influence cell survival, it appears that cells are more actively proliferating in IMDM/SFM. In this context, BSA might have been a problem because BSA (5 mg/ml) was additionally supplemented to Stempro-34 medium, which also contained BSA. BSA concentration can influence growth and excessive BSA, or its contaminated components may have a toxic effect [40] .
The effect of the addition of PD0325901 was intriguing. Because it changed the colony morphology and improved adhesion to the LN-coated plates, we initially anticipated that PD0325901 might improve SSC activity. However, no increase in SSC activity or total cell recovery was found. As PD0325901 blocked proliferation of GS cells in a dosedependent manner [41] , the improved adhesion of GS cells after the addition of a relatively low concentration of PD0325901 was unexpected. This suggested that MAPK signaling was involved in the modulation of cell adhesion via integrin. Although we failed to find any apparent changes in the phalloidin staining patterns, MAPKs localize to different subcellular structures and influence cytoskeletal scaffold proteins [42] , and it is possible that it may have induced changes in other structural proteins. Because it did not stimulate SSC activity, the addition of PD0325901 may not confer practical advantage in increasing SSCs, and we do not usually use PD0325901 in our routine cultures. Nevertheless, PD0325901 was helpful for suppressing the variation in passage timing and colony morphology, and the relationship between SSC activity and cell morphology would be more easily studied using PD0325901, which will be an interesting topic for future research.
Development of a new GS cell culture medium will pave the way for further improvement of SSC cultures. SSCs from many animal species have now been cultured, but the growth of nonrodent cell cultures is apparently limited [7] . Even among different mouse strains, growth of SSCs can be very variable both in vivo and in vitro [2, 16, 17, 39, 43] , and we have used only ICR and DBA/2 strains, both of which proliferate actively in Stempro/FBS medium [2] , in the present experiments. Because poor growth would limit transfection and clonal selection, this has to be overcome. Although GDNF and fibroblast growth factor 2 are thought to be the main SSC selfrenewal factors, the current culture system likely is still missing additional self-renewal factors because SSCs from many animal species, such as rabbits, pigs, and bulls, proliferate extensively in the mouse testis [44, 45] . Thus, improved culture system is a prerequisite for germline modification experiments SERUM-FREE CULTURE OF SPERMATOGONIA using SSCs. From this viewpoint, a serum-and feeder-free culture condition is a prerequisite given the successful case of serum-free stem cell cultures of other self-renewing tissues. Because we have not examined the long-term effect on serumand feeder-free cultures after 5 mo, we do not know whether the present culture system is superior to maintain the quality of SSCs. This point should be investigated in future studies given that GS cells cultured in Stempro/FBS on MEFs could produce fertile sperm after 2 yr. Nevertheless, improved proliferation of SSCs would be beneficial for searching culture conditions for SSCs from different animal species. It also provides a novel platform to study SSC self-renewal under more defined conditions, which may reveal unique molecules involved in self-renewal division. Efforts to identify self-renewal factors and to improve the culture conditions will eventually allow the establishment of GS cell cultures from a wide range of animal species.
